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N A S A  TT F - 1 2 , 7 9 2  

S P E C T R A L  C H A R A C T E R I S T I C S  O F  A I R  A T  T E M P E R A T U R E S  
A B O V E  10 ,000 D E G R E E S  K E L V I N  

A:A. K o n ' k o v  and A . P .  R y a z i n  

ABSTRACT: To o b t a i n  r e l i a b l e  d a t a  on t h e  spec-  
t r a l  c h a r a c t e r i s t i o s  o f  a i r  a t  h igh  temperatures ,  
t h e  parameters  of t h e  shock tube  used must f i r s t  
be s e t  a c c u r a t e l y .  Severa l  t e s t s  are made t o  d e -  
t ermine  t h e  opt imal  c o n d i t i o n s  for producing a 
powerful  shock wave w i t h  a s t a b l e  v e l o c i t y .  The 
equipment and methods used for t h e  o p e o t ~ o g r a p h i o  
anaZyerie of fhe 0 h a r a a t a r i s f i o s  sf a i r  are de - 

scr ibed .  F i n a l l y ,  t h e  exper imenta l  f i n d i n g s  are 
compared w i t h  c a l c u l a t e d  i n d i c e s  f o r  t h e  absorp-  . 
t i o n  o o e f f i c i e n t s  of a i r  a t  var ious  temperatures ,  
showing s a t i s f a c t o r y  agreement between experimen- 
t a l  and c a l c u l a t e d  d a t a .  

* 

A t  t h e  p r e s e n t  t i m e ,  t h e r e  a r e  no  r e l i a b l e  e x p e r i m e n t a l  d a t a  - /13* 
on t h e  s p e c t r a l  c h a r a , c t e r i s t i c s  o f  a i r  a t  t e m p e r a t u r e s  above  
12,00Q°K5 a s i t u a t i o n  c a u s e d  by t h e  d i f f i c u l t i e s  of h o l d i n g  a i r  at 
s u c h  t e m p e r a t u r e s  w i t h  e x p l i c i t l y  known p a r a m e t e r s .  The b a s i c .  i n -  
s t r u m e n t  i n  t h i s  c a s e  5 s  t h e  shock  t u b e .  However,  a c a l c u l a t i o n  o f  
t h e  s t a t e  o f  t h e  g a s  b e h i n d  t h e  shock  wave a t  v e l o c i t i e s  above  8 
km/sec a c c o r d i n g  t o  e x p e r i m e n t a l  t h e o r y  c a n n o t  b e  assumed t o  b e  c o r -  
r e c t  i n  t h i s  case,  a p p a r e n t l y ,  s i n c e  an  i m p o r t a n t  r o l e  i s  p l a y e d  b y  
t h e  p r o c e s s e s  which  l e a d  t o  e n e r g y  d i s s i p a t i o n  ( r a d i a t i o n a l  c o o l -  
i n g ,  t h e  i n f l u e n c e  o f  a f joundary  l a y e r ) .  I n  t h i s  a r t i c l e  w e  w i l l  
a t t e m p t  an  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h e  p o s s i b i l i t i e s  o f  ob- 
t a i n i n g ,  i n  a shock  t u b e  s h o c k ,  wave v e l o c i t i e s  above  6 km/sec9  and  
t h e n  a t t e m p t  t o  u s e  it as a n  i n s t r u m e n t  t o  o b t a i n  a gas w i t h  known 
p a r a m e t e r s  u n d e r  t h o s e  c o n d i t i o n s .  

P a r a m e t e r s  o f  t h e  Shock Tube 

I n  t h e  e x p e r i m e n t s  w e  u s e d  a shock  t u b e  which a l l o w e d  u s  t o  
o b t a i n  shock  wave v e l o c i t i e s  o f  up  t o  1 0  km/sec.  I n  i t s  c o n s t r u c -  
t i o n  t h e  s h o c k  t u b e  c o n s i s t e d  o f  a h i g h  p r e s . s u r e  s e c t i o n  ( w i t h  a 
l e n g t h  of  1 5 0 0  mm a n d  a d i a m e t e r  o f  30 mm) and  a low p r e s s u r e  s e c -  
t i o n  ( w i t h  a l e n g t h  of 3 8 0 0  mm a n d  a d i a m e t e r  o f  30 mm). The two 
s e c t i o n s  were  d i v i d e d  b y  a c o p p e r  d i aphragm ( t h e  i n s t r u m e n t  is d e s -  
c r i b e d  i n  more d e t a i l  i n  Cl]). 

A c c o r d i n g  t o  [ 2 ] ,  t h e  maximum p o s s i b l e  shock  wave v e l o c i t y  i s  
d e t e r m i n e d  by  t h e  r e l a t i o n s h i p  

* Numbers i n  t h e  marg in  i n d i c a t e  p a g i n a t i o n  i n  t h e  ' f o r e i g n  t e x t .  
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where y l r  y4  a r e ' t h e  s p e c i f i c  h e a t  r a t i o s  i n  t h e  h i g h  low p r e s s u r e  
s e c t i o n s .  . '  

C o n s e q u e n t l y ,  w i t h  s t r i c t l y  e q u a l  c o n d i t i o n s  i n  a t t a i n i n g  h i g h  
shock  wave v e l o c i t i e s  i t  is d e s i r a b l e  t o  h a v e  i n  t h e  h i g h  p r e s s u r e  
chamber a g a s  which  h a s  t h e  l o w e s t  p o s s i b l e  m o l e c u l a r  w e i g h t  a t  t h e  
h i g h e s t  p o s s i b l e  t e m p e r a t u r e .  A most  e f f e c t i v e  method f o r  i n c r e a s -  
i n g  shock  wave v e l o c i t y  i s  t h a t  o f  h e a t i n g  t h e  g a s  i n  t h e  h i g h  p r e s -  
s u r e  chamber u s i n g  an  e l e c t r i c  d i s c h a r g e  or u s i n g  an  oxygen-hydrogen  
m i x t u r e  w i t h  a hydrogen  e x c e s s  o r  d i l u t e d  w i t h  h e l i u m  as a p r o p e l -  
l i n g  g a s .  A c c o r d i n g  t o  C2, 3 1 ,  t h e  l a t t e r  method a l l o w s  u s  t o  i n -  
c r eas i ?  t h e  shock  wave v e l o c i t y  b y  a f a c t o r  o f  two or t h r e e  compared 
t o  t h e  s i t u a t i o n  i n  which hydrogen  i s  u s e d  i n  t h e  h i g h  p r e s s u r e  
chamber .  However, t h e  d a t a  f rom t h e  l i t e r a t u r e  on t h i s  q u e s t i o n  
a r e  somewhat c o n t r a d i c t o r y .  The c a l c u l a t i o n  g i v e n  i n  [ a ] ,  a s s u m i n g  
t h e  h e a t i n g  o f  t h e  oxygen-hydrogen  m i x t u r e  w i t h  h e l i u m  as a d i l u e n t  
(OHHM) t a k e s  p l a c e  a t  a c o n s t a n t  volume,  showed t h a t  it i s  p o s s i b l e  - /14 
t o  i n c r e a s e  t h e  shock  wave v e l o c i t y  by  7 0 - 8 0 %  i n  compar i son  t o  t h e  
s y s t e m s  u s u a l l y  u s e d  when hydrogen  i s  u s e d  as t h e  l l p r o p e l l i n g l '  g a s .  
R e f e r e n c e  [ 4 ]  s h o w e d , t h a t  t h e  e x p e r i m e n t a l l y - u s e d  shock  wave v e l o c -  
i t i e s ,  o b t a i n e d  when OHHM was u s e d  as  t h e  s l p r o p e l l i n g l v  g a s ,  a r e  
s i g n i f i c a n t l y  g r e a t e r  t h a n  t h o s e  c a l c u l a t e d  on t h e  a s s u m p t i o n  o f  
h e a t i n g  a t  c o n s t a n t  volume.  The e x p e r i m e n t a l  p o i n t s  a r e  g rouped  
a r o u n d  t h e  c u r v e  computed for t h e  r a t i o  o f  sound v e l o c i t y  i n  t h e  
h i g h  and  low p r e s s u r e  s e c t i o n s  a4/al = c o s  w h i l e  on t h e  a s s u m p t i o n  
of h e a t i n g  a t  c o n s t a n t , v o l u m e  a 4 / a 1  ", 6 .  The a u t h o r s  o f  C41 n o t e  
t h a t  t h e  shock  wave v e l o c i t y  v a r i e s  i n  a d i r e c t i o n  o p p o s i t e  t o  t h e  
p r e s s u r e  change  o f  t h e  r b p t u r e  o f  t h e  d i a p h r a g m s ,  s o  t h a t  a shock  
wave o f  maximum v e l o c i t y  u n d e r  s t r i c t l y  e q u a l  c o n d i t i o n s  i s  formed 
when t h e  d i aphragm r u p t u r e s  d i r e c t l y  a f t e r  t h e  m i x t u r e  'is i g n i t e d .  . 
Based on t h e s e  e x p e r i m e n t s ,  t h e  a u t h o r s  come t o  t h e  c o n c l u s i o n  t h a t  ' 

h e a t i n g  o f  t h e  m i x t u r e  a t  c o n s t a n t  p r e s s u r e  is t h e  most  e f f e c t i v e  
way t o  o b t a i n  t h e  h i g h e s t  p o s s i b l e  shock  wave v e l o c i t i e s .  N o  d e t o -  
n a t i o n  wave a r o s e  i n  t h e s e  e x p e r i m e n t s .  

The a u t h o r s  o f  [SI d e m o n s t r a t e d  t h a t  t h e  most e f f e c t i v e  method 
i s  t o  u s e  d i aphragms  whose r u p t u r e  p r e s s u r e  i s  r o u g h l y  h a l f  t h e  
maximum p r e s s u r e  g e n e r a t e d  when t h e  OHHM i s  h e a t e d  a t  c o n s t a n t  v o l -  
ume ., 

I n  r e l a t i o n  t o  t h e  p rob lem s t a t e d  w e  s h o u l d  f i rs t  c l a r i f y  u n d e r  
what  c o n d i t i o n s  shock  wave v e l o c i t i e s  of  8 -10  km/sec c a n  b e  o b t a i n -  
ed which  a r e  r e l a t i v e l y  s t a b l e  and  can  b e  r e p r o d u c e d  f rom e x p e r i -  
ment t o  e x p e r i m e n t .  To d e t e r m i n e  t h e  o p t i m a l  c o n d i t i o n s  f o r  ob- 
t a i n i n g  t h e  most  p o w e r f u l  shock  wave i n  t h e  h i g h  p r e s s u r e  chamber  
we v a r i e d  t h e  i n i t i a l  p r e s s u r e  a n d  c o m p o s i t i o n  o f  t h e  OHHM and  a l s o  
t h e  s t r e n g t h  o f  t h e  d i a p h r a g m s .  The e x p e r i m e n t s  showed t h a t  h e l i u m  
d i l u t i o n  o f  t h e  h e a t i n g  m i x t u r e ,  a c c o r d i n g  t o  [29 3 1 ,  i n c r e a s e s  
shock  wave v e l o c i t y ,  However, h e l i u m  d i l u t i o n  above  65-70% d o e s  
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n o t  s i g n i f i c a n t l y  a l t e r  wave v e l o c i t y .  A h e l i u m  d i l u t i o n  o f  7 5 - 8 0 %  
c r e a t e s  a s i t u a t i o n  i n  wh ich  i g n i t i o n  c a n n o t  b e  i n i t i a t e d  a t  a11 i n  
t h e  m i x t u r e .  L a t e r  e x p e r i m e n t s  were  c o n d u c t e d  w i t h  OHHM a t  a h e l i u m  
d i l u t i o n  o f  6 5 - 7 0 % .  Vary ing  t h e  i n i t i a l  p r e s s u r e  o f  t h e  OHHM i n  t h e  
h i g h  p r e s s u r e  s e c t i o n  from 1 t o  3 0  a t m  showed C2-41  t h a t  u n d e r  
s t r i c t l y  e q u a l  c o n d i t i o n s ,  t h e  shock  wave v e l o c i t y  i n c r e a s e s  and t h e  
u n c o n t r o l l e d  v a r i a n c e  i n  t h e  v e l o c i t y  o f  t h e  l a t t e r  d e c r e a s e s  as t h e  
p r e s s u r e  i n c r e a s e s .  A s u b s e q u e n t  i n c r e a s e  i n  p r e s s u r e  ( a b o v e  4 0  
a t m )  w a s  n o t  p o s s i b l e  b e c a u s e  o f  t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  
t h e  shock  t u b e .  , 

The s t r e n g t h  o f  t h e  d i aphragms  w a s  v a r i e d  from 30 t o  9 0  a t m  a t  
c o n s t a n t  OHHM c o m p o s i t i o n  and  i n i t i a l  p r e s s u r e .  The s t r e n g t h  o f  
t h e  d i aphragms  w a s  g r a d u a l l y  i n c r e a s e d  up t o  t h e  p o i n t  a t  which t h e  
maximum p r e s s u r e  g e n e r a t e d  w i t h  OHHM h e a t i n g  w a s  n o t  s u f f i c i e n t  t o  
r u p t u r e  t h e  d i aphragm.  I t  w a s  d i s c o v e r e d  t h a t ,  f o r  example ,  w i t h  
an i n i t i a l  OHHM p r e s s u r e  o f  1 4  a t m  t h i s  l i m i t  i s  ( 9 0  ?r 5 )  a t m .  A c -  
c o r d i n g  t o  [ 3 ]  t h e  maximum p r e s s u r e  a f t e r  h e a t i n g  must  b e  e q u a l  t o  
1 4 0  a t m .  Thus i t  f o l l o w s  t h a t  when t h e  OHHM i s  h e a t e d  t h e r e  i s  on- 
l y  a s e v e n - f o l d  i n c r e a s e  i n  p r e s s u r e  r a t h e r  t h a n  t e n - f o l d .  

F i g u r e  1 shows t h e  e x p e r i m e n t a l  d a t a  w i t h  an  i n i t i a l  a i r  p r e s -  
s u r e  i n  t h e  low p r e s s u r e  s e c t i o n  o f  5 mm Hg and  an  i n i t i a l  OHHM 
p r e s s u r e  o f  2 9  atm. . P l o t t e d  a l o n g  t h e  o r d i n a t e  a x i s  a re  t h e  e x p e r -  
i m e n t a l l y  maaaurad  v a l u e s  o f  t h e  v e l a c i t i e s  of t h e  i n c i d e n t  shock 
waves ,  a n d  a l o n g  t h e  a b s c i s s a  a r e  t h e  p r e s s u r e  r a t i o s  i n  which p is 
t h e  p r e s s u r e  r e q u i r e d  t o  r u p t u r e  t h e  d i aphragm and p 1  i s  5 mm Hg, 

The s h o c k  wave v e l o c i t y  w a s  d e t e r m i n e d  by - two  methods .  The - /15 
f i r s t  method c o n s i s t s  0.f m e a s u r i n g  t h e  t i m e  r e q u i r e d  f o r  t h e  shock  
wave t o  c r o s s  t h e  d i s t a n c e  be tween  two i o n i z a t i o n  s e n s o r s .  The sec-  
ond  method c o n s i s t s  o f  m e a s u r i n g  t h e  t i m e  r e q u i r e d  for t h e  shock  
wave t o  c r o s s  t h e  d i s t a n c e  be tween  an i o n i z a t i o n  s e n s o r - a n d  a view- 
i n g  s c r e e n ,  i . e . ,  t h e  t i m e  be tween  two p u l s e s  coming from an  i o n i z a -  
t i o n  s e n s o r  and a p h o t o e l e c t r i c  m u l t i p l i e r .  The a c c u r a c y  o f  t h e  
v e l o c i t y  measu remen t s  w a s  k 3%; W i t h i n  t h e  marg in  o f  e r r o r  o f  t h e  
measu remen t s ,  b o t h  me thoas  y i e l d e d  i d e n t i c a l  r e s u l t s .  The same f i g -  
u r e  shows t h e  c u r v e s  o f  t h e  f u n c t i o n  r e l a t i n g  t h e  shock  wave and ,  
t h e  p r e s s u r e  ( g e n e r a t e d  i n  t h e  h i g h  p r e s s u r e  s e c t i o n ) ,  computed ac- 
c o r d i n g  t o  t h e  e l e m e n t a r y  t h e o r y  C33. 

Curve (1) c o r r e s p o n d s  t o  t h e  computed E 3 1  v a l u e s  o f  a b .  I n  our 
c a l c u l a t i o n  o f  c u r v e  ( 2 )  w e  u s e d  v a l u e s  f o r  t h e  v e l o c i t y  o f  sound 
i n  t h e  h i g h  p r e s s u r e  s e c t i o n  which were t w o s t i m e s  g r e a t e r  t h a n  t h e  
d a t a  o f  [ a ] .  

I t  f o l l o w s  f rom t h e  d a t a  shown i n  F i g u r e  1 t h a t  w i t h ’ a  d i a -  
phragm r u p t u r e  p r e s s u r e  o f  9 0  a t m ,  t h e  maximum (for a g i v e n  OHHM 
c o m p o s i t i o n )  shock  wave v e l o c i t i e s  of 8-10 km/sec h a v e  a l r e a d y  b e e n  
a t t a i n e d .  V e l o c i t i e s  of 1 0  k m l s e c  were r a r e l y  e n c o u n t e r e d .  A f u r -  
t h e r  i n c r e a s e  i n  t h e  s t r e n g t h  o f  t h e  d i aphragms  d i d  n o t  l e a d  t o  any 
s i g n i f i c a n t  i n c r e a s e  i n  shock  wave v e l o c i t y o  The s e c o n d  i m p o r t a n t  
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e x p e r i m e n t a l  f i n d i n g  which f o l l o w s  from t h e  d a t a  o f  F i g u r e  1 i s  t h a t  
t h e  e x p e r i m e n t a l l y  measu red  v a l u e s  
f o r  v e l o c i t y  a r e  s i g n i f i c a n t l y  l .ar-  
g e r  t h a n  t h e  computed v a l u e s  [Curve  
(111. T h i s  f a c t  a g r e e s  w i t h  t h e  d a -  
t a  o f  [ 4 1  and d o e s  n o t  c o n t r a d i c t  
t h e  d a t a  o f  [SI, which  f o u n d  e x p e r -  
i m e n t a l l y  t h a t  t h e  maximum v e l o c i -  
t i e s  o f  t h e  shock  wave were  o b t a i n e d  
when t h e  maximum p r e s s u r e  g e n e r a t e d  
i n  t h e  h i g h  p r e s s u r e  s e c t i o n  was 
t w i c e  as g r e a t  as  t h e  p r e s s u r e  a t  
which t h e  d i aphragms  r u p t u r e d .  

4 0  I f  we c o n s i d e r  t h a t  i n  t h i s  
c a s e  t h e  maximum p r e s s u r e  i n  t h e  
h i g h  p r e s s u r e  s e c t i o n  ( n o t i n g  t h e  

F i g .  1. Shock Wave V e l o c i t y  comment made a b o v e )  i s  a b o u t  2 0 0  
as a F u n c t i o n  o f  t h e  R a t i o  o f  a t m ,  t h e n ,  c o n s e q u e n t l y ,  a c c o r d i n g  
P r e s s u r e s  on t h e  Diaphragm: t o  [ 2 1  t h e  most  p o w e r f u l  waves must  
(1) a4/a1 6 ;  ( 2 )  a4/al  = 12.  b e  g e n e r a t e d  w i t h  d i aphragm r u p t u r e  

13,s 

&/P, .Io'J 

p r e s s u r e s  o f  1 0 0  a t m .  T h i s  s i t u a -  
t i o n  w a s  o b s e r v e d  i n  t h e  e x p e r i m e n t ,  

b u t  we were n o t  a b l e  ' t o  d e t e c t  a n y  shock  wave v e l o c i t i e s  above  1 0  
km/sec.  

The f a c t  t h a t  t h e  e x p e r i m e n t a l l y  o b s e r v e d  shock  wave v e l o c i t i e s  
exceeded  t h e  c a l c u l a t e d  v e l o c i t i e s  can  b e  u n d e r s t o o d  if we b e a r  i n  
mind t h a t  as a b a s i s  o f  t h e  c a l c u l a t i o n  C31 w e  assumed a n  i d e a l i z e d  
s y s t e m  o f  t h e  p r o c e s s e s ' w h i c h  t a k e  p l a c e  i n  t h e  h i g h  p r e s s u r e  sec- 
t i o n ,  and  i n  p a r t i c u l a r  t h a t  t h e  h e a t i n g  p r o c e s s  i n  t h i s  s e c t i o n  
t a k e s  p l a c e  a t  a c o n s t a n t  volume.  

I n  r e a l i t y ,  a p p a r e n t l y ,  one  o f  t h e  f o l l o w i n g  cases may o c c u r  
C6I* 

The d e t o n a t i o n  wave which  fo rms  r u p t u r e s  t h e  d i aphragm.  

R u p t u r e  of t h e  d i aphragm t a k e s  p l a c e  a f t e r  t h e  d e t o n a t i o n  wave - /16  
r e f l e c t s  o f f  t h e  d i aphragm and t h e  g a s  l o c a t e d  be tween  t h e  d i aphragm 
and  t h e  r e f l e c t e d  wave b e g i n s  t o . f l o w  o u t .  

The r e f l e c t e d  wave r e f l e c t s  o f f  t h e  f r o n t  o f  t h e  f l a m e  and t h e  
d i aphragm r u p t u r e s  a f t e r  the ,  a r r i v a l  o f  t h i s  d o u b l y  r e f l e c t e d  wave. 

No d e t o n a t i o n  wave i s  formed.  A s h o c k  wave i s  formed i n  f r o n t  
o f  t h e  flame f r o n t .  A f t e r  t h i s  shock  wave r e f l e c t s  o f f  t h e  d i a -  
phragm, a d e t o n a t i o n  wave fo rms  and  t h e n  t h e  d i aphragm r u p t u r e s .  

N e i t h e r  a d e t o n a t i o n  wave n o r  a shock  wave f o r m s ;  t h e  p e r t u r -  
b a t i o n s  which  t r a v e l  f rom t h e  f r o n t  o f  t h e  f l a m e  g r a d u a l l y  h e a t  t h e  
g a s ,  T h i s  case is t h e  c l o s e s t  t o  t h a t  d i s c u s s e d  i n  C 3 l .  
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T h e r e  a r e  p r o b a b l y  a number o f  o t h e r  mechanisms;  however ,  we 
can s e e  from t h o s e  we have  enumera ted  t h a t  t h e  a s s u m p t i o n  t h a t  con- 
s t a n t  volume h e a t i n g  t a k e s  p l a c e  i n  t h e  h i g h  p r e s s u r e  s e c t i o n  i s  ap-  
p a r e n t l y  n o t  v a l i d .  If one  o f  t h e  mechanisms enumera ted  above  i s  
r e a l i z e d ,  t h e n  t h e  e f f l u x  t a k e s  p l a c e  a t  a t e m p e r a t u r e  above  t h a t  
which o c c u r s  i n  t h e  c a s e . ' o f  c o n s t a n t  volume h e a t i n g  a n d ,  c o n s e q u e n t -  
l y ,  when c a l c u l a t i n g  t h e  v e l o c i t y  o f  t h e  shock  wave which  fo rms  i n  
t h i s  c a s e ,  f o r  t h e  v e l o c i t y  o f  sound we must  u s e  a v a l u e  l a r g e r  t h a n  
a 4 / a l  = 6 .  F i g u r e  1 shows t h a t  most  o f  t h e  p o i n t s  a r e  l o c a t e d  n e a r  
Curve (21, which  c o r r e s p o n d s  t o  ~ 4 / c 1 1  = 12. T h e  e x p e r i m e n t a l  r e -  
s u l t  a g r e e s  w i t h  t h e  d a t a  o f  C4, 5 1  i n  t h e  s e n s e  t h a t  when comput ing  
shock  wave v e l o c i t i e s  i n  a shock  t u b e  when OHHM i s  u s e d  i n  t h e  h i g h  
p r e s s u r e  s e c t i o n ,  we must u s e  v a l u e s  f o r  t h e  v e l o c i t y  o f  sound which  
a r e  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h e  v a l u e  computed on t h e  a s s u m p t i o n  
t h a t  h - e a t i n g  a t  c o n s t a n t  volume t a k e s  p l a c e  i n  t h e  h i g h  p r e s s u r e  
s e c t i o n .  An i n c r e a s e . i n  t h e  s t r e n g t h  o f  t h e  d i aphragms  l e a d s  t o  a n  
i n c r e a s e  i n  t h e  shock  wave v e l o c i t y  ( u n d e r  s t r i c t l y  e q u a l  c o n d i -  
t i o n s ) ;  however ,  a f u r t h e r  i n c r e a s e  i n  t h e  s t r e n g t h  o f  t h e  d i a -  
phragms up t o  p r e s s u r e s  s i g n i f i c a n t l y  g r e a t e r  t h a n  o n e - h a l f  t h e  com- 
p u t e d  v a l u e s  ( a c c o r d i n g  t o  t h e  d a t a  o f  C3J) does  n o t  l e a d  t o  a s i g -  
n i f i c a n t  i n c r e a s e  i n  t h e  shock  wave v e l o c i t y .  

Spectral Character is t ics  o f  Air 

An o v e r a l l  s c h e m a t i c  o f  t h e  e x p e r i m e n t  i s  shown i n  F i g u r e  2. 
L e t  u s  now p r e s e n t  a b r i e f  d e s c r i p t i o n  of  t h e  l a t t e r  ( a  more d e t a i l -  
e d  d e s c r i p t i o n  i s  g i v e n  i n  Ell). 

An ISP-28 s p e c t r o g r a p h  and a UM-2  monochromator  were  p l a c e d  
f a c i n g  e a c h  o t h e r  s o  t h a t  t h e  r a d i a t i o n  o f  t h e  g a s  would r e a c h  t h e  
i n p u t  s e c t i o n  o f  b o t h  i n s t r u m e n t s  f rom t h a t  c r o s s  s e c t i o n  o f  t h e  
shock  t u b e  l o c a t e d  a t  a d i s t a n c e  o f  5 mm f rom t h e  end face.  

The s p e c t r o g r a p h  o p e r a t e d  b y  s c a n n i n g  t h e  s p e c t r u m .  To do t h i s  
we i n s t a l l e d  a s p e c i a l  mechanism ( d e s c r i b e d  i n  more d e t a i l  i n  C11) 
which  a l l o w e d  u s  t o  o b t a ' i n  r a d i a t i o n  s p e c t r a  s c a n n e d  o v e r  t i m e  e v e r y  
30 p s e c  w i t h  a r e s o l v i n g  power o f  5 p s e c .  The s p e c t r a l  s c a n s  were 
i n t e r p r e t e d  u s i n g  t h e  method o f  h e t e r o c h r o m a t i c  p h o t o m e t r y .  I n  o r -  
d e r  t o  a l l o w  f o r  t h e  change  i n  s e n s i t i v i t y  o f  t h e  f i l m  w i t h  wave- 
l e n g t h ,  i n  a d d i t i o n  t o  t h e  r a d i a t i o n  s p e c t r u m  w e  p h o t o g r a p h e d  t h e  
s p e c t r u m  of  a s t a n d a r d  l i g h t  s o u r c e :  a t u n g s t e n  f i l a m e n t  lamp 
( t y p e  SI-10-300), M i c r o p h o t o g r a p h s  were o b t a i n e d  u s i n g  a t y p e  MF-4 
m i c r o p h o t o m e t e r ,  

For t h e  b l a c k e n i n g  d i s t r i b u t i o n  i n  t h e  s p e c t r u m  o f  t h e  g a s  un- 
d e r  e x a m i n a t i o n  : 

- -  - ~. 

For t h e  b l a c k e n i n g  d i s t r i b u t i o n  i n  t h e  s p e c t r u m  o f  t h e  s t a n d a r d  
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s o u r c e :  . .  

Here I c l ( X ,  Ti), K ~ ( X ,  T2) a r e  t h e  d e g r e e  o f  b l a c k n e s s  o f  t h e  g a s  a n d  
t h e  s t a n d a r d  s o u r c e ,  r e s p e c t i v e l y ;  B ( X ,  T I ) ,  B ( A ,  T2) a r e  t h e  e m i t -  
t i n g  powers  of a b l a c k  b‘ody a t  t h e  t e m p e r a t u r e  o f  t h e  g a s  and  t h e  
t e m p e r a t u r e  of  t h e  s t a n d a r d  s o u r c e ;  y ( X )  i s  t h e  c o n t r a s t  c o e f f i c i -  
e n t  o f  t h e  f i l m ;  j ( X )  i s  t h e  s e n s i t i v i t y  o f  t h e  f i l m ;  p )is t h e  

S c h w a r z c h i l d  c o n s t a n t ;  tl, t2 are  
t h e  e x p o s u r e  t i m e s ;  k i s  t h e  p r o p o r -  

f u n c t i o n  o f  t h e  p r o p e r t i e s  o f  t h e  
s u b s t a n c e  or t h e  w a v e l e n g t h ,  b u t  a n  
i n s t r u m e n t a l  c o n s t a n t .  

, I  t i o n a l i t y  f a c t o r  which i s  n o t  a ,- 

I t  f o l l o w s  f rom t h e  l a s t  r e l a -  
t i o n s h i p  t h a t  i f  w e  know t h e  t emper -  
a t u r e  o f  t h e  g a s  u n d e r  s t u d y ,  t h e n  

F i g .  2 .  O v e r a l l  S c h e m a t i c  o f  w e  can  d e t e r m i n e  t h e  a b s o r p t i o n  co- 
t h e  Experim‘ent .  (1) O p t i c a l  e f f i c i e n t  o f  t h e  g a s  as a f u n c t i o n  
S e c t i o n ;  ( 2 )  LOW P r e s s u r e  Sec- o f  w a v e l e n g t h  w i t h  an  a c c u r a c y  up 
t i o n ;  ( 3 )  High P r e s s u r e  Sec-  t o  a c o n s t a n t  f a c t o r .  The l a t t e r  
t i o n ;  ( 4 )  Device  f o r  I g n i t i n g  w a s  d e t e r m i n e d  u s i n g  a p h o t o e l e c t r i c  
th ,e  M i x t u r e  i n  t h e  High pres -  c h a n n e l  i n  which we p l a c e d  a ZMR-3 
s u r e  Chamber; ( 5 )  S e n s o r  f o r  monochromator  and a FEU-29 photomul-  
Measur ing  Shock Wave V e l o c i t y ;  t i p l i e r .  The c h a n n e l  w-as g r a d u a t e d  
( 6 )  Type ISP-28 S p e c t r o g r a p h ;  i n  a b s o l u t e  u n i t s  u s i n g  a s t a n d a r d  
( 7 )  Type UM-2 Monochromator;  l i g h t  s o u r c e  a t u n g s t e n  f i l a m e n t  
( 8 )  Type FEU-29 P h o t o e l e c t r i c  lamp ( t y p e  S I -10 -300) .  S i n c e  t h e  
M u l t i p l i e r s ;  ( 9 )  H igh-Vol t age  ‘ tempera ture  of  t h e  g a s ,  h e a t e d  b y  a 
R e c t i f i e r s ;  (10) Type 1 0 - 4  r e f l e c t e d  shock  wave, c a n  b e  comput- 
O s c i l l o g r a p h ;  ( 1 1 )  S y n c h r o n i -  e d  a c c o r d i n g  t o  t h e  v e l o c i t y  o f  t h e  
z a t i o n  U n i t .  i n c i d e n t  shock  waveg t h e n  u s i n g  K i r -  

a b s o r b e n t  power o f  t h e  g a s  a t  a g i v e n  w a v e l e n g t h .  By t a k i n g  advan-  
t a g e  o f  t h e  B e e r  l a w  w e  c a n  o b t a i n  a v a l u e  for t h e  a b s o r p t i o n  c o e f -  
f i c i e n t  and  n o r m a l i z e  t h e  r e l a t i v e  f u n c t i o n  r e l a t i n g  t h e  a b s o r p t i o n  
c o e f f i c i e n t  and  w a v e l e n g t h ,  which  we o b t a i n e d  above  , t h r o u g h o u t  t h e  
s p e c t r a l  r a n g e  u n d e r  i n v e s t i g a t i o n .  

e h h o f f s s  l a w  we c a n  d e t e r m i n e  t h e  /ns 

F i g u r e s  3 a n d  4 show t h e  v a l u e s  f o r  t h e  a b s o r p t i o n  c o e f f i c i e n t  
measured  i n  t h i s  way (Curve  1). The f i g u r e s  show a l l  t h e  v a l u e s  for 
t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  a i r  h e a t e d  by  a r e f l e c t e d  shock  wave, 
These v a l u e s  were o b t a i n e d  by  d i r e c t  measurement  o f  t h e  b l a c k e n i n g  
o f  t h e  s p e c t r o g r a m s ,  The c o n t i n u o u s  l i n e s  ( 1 )  show t h e  v a l u e s  o f  
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t h e  a b s o r p t i o n  c o e f f i c i e n t  for a i r .  The v e r t i c a l  l i n e s  show t h e  

-1 ' 
, x ~ v i i f c m  , 

I I I 

Fig. 3.  Comparison o f  t h e  E x p e r i m e n t a l  and  C a l c u l a t e d  
I n d i c e s  of  A b s o r p t i o n  f o r  A i r  a t  T = 13,500°K,  p = 23 
atm E x p e r i m e n t a l  Data; ------ C a l c u l a t e d  Data. 

F i g .  4 .  Compapison o f  t h e  E x p e r i -  
m e n t a l  and  C a l c u l a t e d  I n d i c e s  o f  
A b s o r p t i o n  f o r  A i r  a t  a Tempera- 
t u r e  o f  17,090°K and  a P r e s s u r e  o f  
2 8  A t m  A c c o r d i n g  t o  t h e  Data o f  
[7, 81. (1) E x p e r i m e n t a l  Data; 
( 2 )  C a l c u l a t e d  Data. 

v a l u e s  o f  t h e  a b s o r p t i o n  c o e f f i -  
c i e n t  measured  a t  t h o s e  p o i n t s  1 of t h e  s p e c t r u m  where  t h e  mix- 
t u r e  l i n e s  l i e .  The h e i g h t  o f  
e a c h  v e r t i c a l  l i n e  c o r r e s p o n d s  
t o  t h e  v a l u e  o f  t h e  a b s o r p t i o n  
c o e f f i c i e n t  measured  d i r e c t l y  
a t  a g i v e n  p o i n t  o f  t h e  s p e c -  
t r u m .  The m i x t u r e  l i n e s  d e t e c t -  
e d  i n  t h e  r a d i a t i o n  s p e c t r a  of 
a i r  a re  g i v e n  i n  t h e  t a b l e .  

DiscussJon o f  the R e s u l t s  

The e x p e r i m e n t a l  r e s u l t s  
o b t a i n e d  were  compared w i t h  t h e  
c a l c u l a t e d  d a t a .  F i g u r e s  3 and 
4 ( C u r v e s  2 )  show t h e  v a l u e s  of 
t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  
a i r  c a l c u l a t e d  for t h e  c o n d i t i o n s  
c o r r e s p o n d i n g  t o  t h e  e x p e r i m e n t a l  
c o n d i t i o n s ,  Here w e  t a k e  i n t o  
a c c o u n t  t h e  a b s o r p t i o n  c a u s e d  
by f r e e - f r e e  ( a c c o r d i n g  t o  t h e  
Kramers t h e o r y )  and fre'e,-bound 
( a c c o r d i n g  t o  C77) e l e c t r o n  

t r a n s f e r s  i n  t h e  i o n  f i e l d s .  For an a i r  t e m p e r a t u r e  o f  1495000K,  
we t o o k  i n t o  a c c o u n t  a b s o r p t i o n  c a u s e d  by t h e  f i r s t  n e g a t i v e  s y s t e m  
o f  a m o l e c u l a r  i o n  o f  n i t r o g e n  Nh(l-1. The f u n c t i o n  r e l a t i n g  t h e  
m a t r i x  e l emen t  o f  t h e  d i p o l e  moment o f  t h e  e l e c t r o n  t r a n s f e r  and 
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n 

A 
P 
ho 
c 
a, 
404 
Q) 
3 
fd 
5 

' 4861.3 
4603,O 

4454.0 
4435,O 
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4143.9 
4071.7 
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r l P  
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H Y  
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\ ' , C a I R '  
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n 

A 
P 
M 
c 
Q) 

404 
a, 
3 
Id z= 

3968.0 
31933.7 
3838.3 
3832.3 
3829.4 
3860.0 
a737.0 
3720.0 

3505,3 
3 w . 2  
3578.7. 

13706,o 
363067 

9.22 ' 

9.26 
5.94 * 

5.94 
5.94 * , e  

3.32 
12.57 . 
5.Y ' I .  
3;43 

b 4.32 ,' 
a.46 

3.21 ,  '- 

12.57 

- - -  
I 

t h e  r - c e n t r o i d  w a s  t a k e n  a c c o r d i n g  t o  t h e  d a t a  o f  [ 8 3 .  I ts  a n a l y -  - / 1 9  
t i c  form i s  

Re = 5.04ra - 1?,68r + 8.49, 0.985 A < r < 1.30 A. 

As w e  can  s e e  f rom F i g u r e s  3 and 4 ,  t h e r e  i s  s a t i s f a c t o r y  a - 
p e e m e n t  be tween  t h e  e x p e r i m e n t a l  and c a l c u l a t e d  d a t a  w i t h i n  t h e  m a r -  
g i n  o f  measurement  e r r o r  which  w a s  C 2 0 %  when m e a s u r i n g  t h e  a b s o r p -  
t i o n  c o e f f i c i e n t s  u s i n g  t h e  h e t e r o c h r o m a t i c  p h o t o m e t r y  method and  
k 25% w i t h  a b s o l u t e  p h o t o e l e c t r i c  measu remen t s .  The a g r e e m e n t  be -  
tween  t h e  e x p e r i m e n t a l  and  c a l c u l a t e d  d a t a  i n d i c a t e s  t h e  v a l Z d i t y  
of  t h e  b a s e l i n e  d a t a  u s e d  i n  t h e  c a l c u l a t i o n  o f  t h e  a b s o r p t i o n  co- 
e f f i c i e n t s  and  a l s o  a l l o w s  us t o  c o n c l u d e  t h a t  t h e r e  i s  a c o r r e l a -  
t i o n  be tween  t h e  r e a l  p a r a m e t e r s  o f  a i r  h e a t e d  by  a r e f l e c t e d  s h o c k  
wave and  t h e  p a r a m e t e r s  computed a c c o r d i n g  t o  t h e  v e l o c i t y  of an i n -  

. c i d e n t  s h o c k  wave. 
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